Introduction
Atomic force microscopy (AFM) is a technique that can be used for highresolution real-time studies of properties of molecules at the nanoscale . It has been applied to structural and functional studies of dynamic processes in biological systems . [1] [2] [3] [4] AFM has contributed significantly to the nanotechnology field, with developments in nanodiagnostic and therapeutics, contributing to the improvement of the state of the art in health care, 5 pathology, 6, 7 identification of biomolecules 8 and cellular microenvironments, physiology and functions of living cells and organisms, 9 understanding of the structure-function relationship of DNA, 10 cell and molecular recognition, signaling, adhesion, and fusion . 11 AFM is a tool that allows imaging and force probing biological samples with nanometer (nm) 3 topographical and piconewton (pN) force resolution . 12 This microscope central element is a small cantilever, which distance from the sample is controlled in the z-axis by a piezoelectric crystal . A sharp tip is usually mounted at the end of the microfabricated flexible cantilever (typically 20-200 μm long), used as a kind of spring to measure the force between the tip and the sample surface . 2, 13 AFM is a surface probe technique, which uses the tip of this soft cantilever to image surfaces, or to measure or apply forces while interacting with them . 14 The cantilever behaves similarly to a Hookean spring when the AFM is used for biological applications; it has spring constants on the order of 0 . 1 N/m . 15 On bringing the tip in close proximity to the sample surface, attractive and repulsive forces cause the deflection of the cantilever . 3, 16 These deflections cause changes in the position of the reflection of the light beam pointed to the cantilever's top surface . This information may be translated into applied force through Hooke's Law: F = −KΔx . The cantilever deflection versus scanner displacement curve data can be converted into a force-distance curve 17 . Consequently, these means the force (F) needed to extend the cantilever with spring constant (K) depends in a linear way on the cantilever deflection (∆x) . 16, 17 This deflection is detected and processed as a function of the position on the (x, y) plane . 3, 5, [17] [18] [19] [20] [21] [22] The bending and torsion of the cantilever are measured based on the light beam reflection point of incidence on a four-quadrant photodetector . 16, [23] [24] [25] [26] [27] An optical lever is created by this light beam, from a laser or light-emitting diode, reflected by the cantilever onto the position-sensitive photodiode . 13 The tip movement relative to the sample can follow different operation modes, including contact mode (in which the tip is in continuous contact with the sample's surface), noncontact mode (the cantilever vibrates and variations from its resonance frequency are used to generate images), and intermittent contact (the cantilever moves rapidly, with a large oscillation, between repulsive and attractive forces) . 3, 16 When the tip contacts the sample, the deflection of the cantilever provides information on the mechanical properties of the sample . 27, 28 AFM has other applications, based on force spectroscopy, where attractive and repulsive forces are measured (Figure 4 . 1 Applications AFM can be applied in various modalities to study different biological systems . In addition to imaging, one of the most promising areas of applications is the quantification of the forces resulting in the interaction between the tip (or something attached to it) and a sample, taking advantage of the pN sensitivity of the equipment . These approaches are generally termed force spectroscopy . By measuring the variations of the force exerted on the sample, AFM enables the detection of specific interaction forces at the single-molecule level . The possibility of modifying the surface and manipulating individual molecules made AFM an ideal tool for biological and biomedical applications . 5 Imaging AFM has been applied on the characterization of nanometric features at the surfaces of the samples and also on the mapping of the spatial distribution of their physicochemical properties . These equipments have Figure 4 .1 Schematic illustration of the imaging mode using a sample scanner AFM: A laser beam is reflected from the cantilever, the interaction forces of the tip with the piezo-positioned samples are deflected and the adjustment mirror directs the signaling for a segmented photodetector. A pseudo three-dimensional topographical image of the sample surface results from the scanned lines. (From Schön, P., Methods, 103, 25-33, 2016.) the capacity to visualize nanotopographical features and correlate them to surface-charge density and potential relationships between topography and local characteristics of biomaterials (e . g . , charge and conductivity) . The contact and oscillation modes are most commonly used to image reconstituted membrane proteins and native membranes . AFM imaging of cells generates structural information about them, enabling the identification of functional components within such structures, despite the heterogeneity of the cell surface in terms of protein composition and distribution . 3, 15, 16, 29, 30 AFM imaging of living mammalian cells remains limited to resolutions in the 50-100 nm range, meaning that the individual components of the cell-surface machinery cannot be observed . Living cells are highly dynamic, and continuously respond to environmental changes . 30 These methodologies can be applied to blood cells, such as human erythrocytes and platelets from patients or healthy donors . 2, 5, 8 They are also used for imaging of cancer cells, including lymphoma Raji cells 31 and human lung adenocarcinoma cells 32 and, recently, neuronal cells from mice with chronic epilepsy . 33 Other typical applications can be found for biomolecules, such as proteins (e . g . , fibrinogen 13 ), DNA, 10 and RNA (including its assemblies and aggregates 12 ), and microorganisms, such as viruses, their membrane and capsid, 34 bacteria 35, 36 and mycobacteria . 30 Membrane channels, such as potassium channels and microfilaments (polymerization and depolymerization), 29 phospholipid bilayers, and their perturbation by antibiotics, 37 viral fusion inhibitors, 38,39 singlet oxygen production 34 or antibodies, 40 and antimicrobial peptides [41] [42] [43] were also studied by these approaches (Figure 4 .2) .
Atomic force microscopy-based force spectroscopy AFM-based force spectroscopy allows the measurement of inter-and intramolecular interaction forces required to separate the tip from the sample . It is seldom used to quantify the interaction between the tip and a specific spot of the sample . 5, 13, 17 The interaction force depends on the nature of the sample, the probe tip, and the distance between them . The force-distance curve depends on these characteristics and of the medium composition, and there are obvious differences between curves obtained in air and in liquid medium . In force spectroscopy measurements, the cantilever moves in the vertical direction (z-axis) toward the surface and then in the opposite direction . During this procedure, the cantilever deflection as a function of the vertical displacement of the piezoscanner can be recorded . The result is a cantilever-deflection versus scanner-displacement curve, which can be converted into a force-distance curve after applying the Hooke's law of elasticity . 17 To calculate the quantitative parameters, an accurate calibration of the spring constant of the cantilevers used is necessary . 13 This technique is a highly sensitive, rapid, and low operation cost nanotool for the diagnostic and unbiased functional evaluation of the Downloaded by [Filomena Carvalho] at 15:01 21 September 2017 severity of hematological diseases arising from genetic mutations . AFM-based force spectroscopy can be used to measure the binding force between fibrinogen and cell receptors, a strategy successfully used on the identification of the fibrinogen receptor on human erythrocytes . 8 Different types of forces can be studied using AFM-based force spectroscopy, both attractive and repulsive . 24 The cycle begins with the tip away from the cell surface, and the forces measured by the cantilever deflection can change as it is moved toward or away from the sample on its neutral position, at 0 pN of force, from which it starts moving down toward the surface, reaching the contact point . On the approach curve, the van der Waals interactions are the main type of force present on the approaching of two hard surfaces in the absence of long-range interactions . This force is characterized by a small deflection of the cantilever, at the approach curve, before the contact point . The jump to contact causes instability in the position of the cantilever because it occurs when the gradient of force between the tip and the sample exceeds the stiffness of the cantilever . If the approach curve has a smooth and exponentially increasing repulsive force, it is expectable that electrostatic or polymer-brush forces are present . Viscoelastic properties of some biological systems have been determined using AFM force curves . A waiting time should be kept before starting the retraction curve . Afterward, the tip and cantilever begin the upward movements away from the sample, in the opposite direction, reaching the contact/adhesion point . In a retraction curve where adhesion occurs, the force depends on the sample and appears as a deflection of the cantilever below the zerodeflection line . The central basis of adhesion forces is the development of a capillary bridge between the tip and the sample . This capillary force depends on whether the measurements are made in air or in liquid . In air, samples usually have several nanometers of water molecules adsorbed to their surface . In liquid conditions, the adhesion force not only depends on the interaction energies between the tip and the sample, but also on the solution used . If no binding occurs between the molecules attached to the tip and the cell surface, the tip continues its upward movements and reaches back the neutral position at a defined z-distance . If a bond is formed between the tip and the sample, as the cantilever moves upward, it bends down to negative values in force . Cantilever stiffness depends on the shape and on the material properties of the cantilever . 16, 24 AFM-based force spectroscopy can be used for diverse applications .
Single-molecule interactions
Single-molecule force spectroscopy (SMFS) is an extremely powerful tool for detecting and localizing single-molecule recognition events, and for exploring the energy landscape of molecular interactions . Different molecules, or their domains, can be attached to the tip, and each part can break contact separately or altogether . After attaching a molecule to the tip and/or to the substrate surface, the unfolding, stretching, or adhesion of single molecules can be studied . The tips are commonly functionalized with one or a small amount of probe molecules . These molecules can recognize a specific target molecule on the sample surface . When analyzing the stretching of biomolecules, and in order to measure specific and strong interactions between tip and sample, it is necessary to specifically attach to the tip the biomolecule under study . The attachment should be firm enough to avoid reallocations, but it should maintain some autonomy of the molecule to change its conformation during or before the interaction . In force measurements, both the tip on the cantilever and the surface can be chemically modified to form specific and strong bonds . 24 AFM has been used as a nanodiagnostic tool for patient cells, such as the interaction between fibrinogen and erythrocytes in chronic heart failure patients, which affects blood microcirculatory flow conditions . 44 With AFM-based force spectroscopy, fibrinogen-erythrocyte interactions were assessed at the single-molecule level using the adhesion profiles obtained on each force curve to evaluate the increased cardiovascular risk . 5 Another study by this methodology was the assessment of the cranberry juice constituents that most strongly influence Escherichia coli adhesion forces and adhesive properties of an antibiotic-resistant clinical bacterial strain . 46 Studies of folding and unfolding kinetics of proteins on the membrane of the same bacteria were also successfully conducted . 24, 36 It was possible to compare the barriers observed for unfolding from the N-terminus with those from the C-terminus . The barrier positions and heights found in bacteriorhodopsin when probed from both sides were located not only in or at the ends of stiff α-helical rods, but also in loops that are not well resolved by other structural biology methods . 28 This approach was also used for lipid bilayers of dioleoylphosphatidylcholine (DOPC), for therapeutic drugs or protein molecules that target specific receptors . 11 It was also used for understanding the molecular determinants and identifying the ligand for the dengue virus capsid protein on intracellular lipid droplets and plasma lipoproteins (Figure 4 .3) . 17, [47] [48] [49] [50] Glass surface 
Indentation
Nanoindentation experiments, for cell elasticity assessment, can be carried out on live cells . AFM-based detection of stiffness is highly dependent on the appropriate use of theoretical models . Cell elasticity can be measured by nanoindentation with the most common AFM cantilevers, via the Hertzian theory . This theory of elastic contact is the most widely used approach to estimate the elastic properties of cells from force indentation curves, using the depth of indentation to assess elasticity in terms of the Young's elastic modulus . AFM can measure the apparent stiffness of mammalian cells, which ranges between 1 to 10 kPa, and cells with cell wall (~100 to 1000 kPa) . 9 The stiffness measurements depend on cell type, on probe geometry, rate of force application, and force magnitude . 51 Specifically, this method allows characterizing the elasticity of biological structures, comparing different types of cells or even organelles, matching experimental conditions concerning the indenters' shape, or the thickness of the sample . 17 Indentation was used for the tensile testing and bulge testing to determine the elastic modulus of the cornea and other eye components . 52 Erythrocytes from patients with type 2 diabetes demonstrated significant aggregation of surface proteins, increased tip-cell adhesion, as well as increased stiffness in comparison with healthy cells . 51 Erythrocytes from chronic heart failure patients are also stiffer than those from healthy donors . 44 This method can be applied in human lung adenocarcinoma cells in different medium conditions for anticancer effect studies . 32 Single-cell adhesion studies AFM-based single-cell force spectroscopy (SCFS) is used to quantify the contribution of cell-adhesion molecules to the binding of cells to specific substrates at both the cell and single-molecule level . 53 In AFMbased SCFS, a single cell is attached to a cantilever, commonly facilitated by an adhesive coating (e .g ., concanavalin A, poly-L-lysine, or CellTak) . The attached cell is lowered (in the approach) onto a substrate, which can be a protein-coated surface, another cell or a biomaterial, until a set force is reached . Then, the cell is kept stationary for a set time to allow the formation of adhesive interactions . During the subsequent retraction of the of the cantilever, the force acting on the cell and the distance between cell and substrate are recorded in a force-distance curve . The force range that can be detected with AFM-based SCFS is typically from ~10 pN up to ~100 nN; thereby, SCFS allows both the overall cell adhesion and the contribution of single adhesion receptors to be quantified . 53 During initial cantilever retraction, the upward force acting on the cell increases until the force needed to initiate cell deadhesion is reached and unbinding events occur . At the cellular level, single cells can be ingeniously fixed onto the cantilever, becoming the probe Downloaded by [Filomena Carvalho] at 15:01 21 September 2017 for the dynamic quantification of cell-substrate interactions . Parameters such as maximum detachment force and work necessary for the entire cell detachment, as well as the number of detachment events of single cellular tethers have already been successfully quantified . The maximum force is termed as the adhesion force and is a measure of how strong the cell adhered to the substrate . Single unbinding events can be characterized from individual rupture (jumps) or tether events depicted on the force-distance curve . The analysis of these unbinding events may be used to characterize the strength of single bonds and cell membrane properties . 54, 55 Cell adhesion is a fundamental aspect on both health and disease . In the past decade, single-cell adhesion studies have contributed to the understanding of adhesion proteins and their regulation . AFM-based SCFS has been used to quantify adhesion of numerous cell types to a diverse set of substrates, including extracellular matrix (ECM) proteins, biomaterials, and cell-cell adhesion proteins . 54 SCFS has been applied as a tool to quantify cell adhesion between two cells to identify key proteins regulating the differential adhesive behavior of zebrafish mesendodermal progenitor cells to fibronectin, thus providing an insight into the germ layer formation and separation between gastrulation zebrafish cells . 53, 56 It has also contributed for the understanding of differential cell adhesion and cell-cortex tension in germ layer organization in Chinese hamster ovary (CHO) cells with integrin activators . 53 AFM allows recording of the actual adhesion force between a bacterium (Pseudomonas aeruginosa) and Candida albicans . Bacterial adhesion to hyphae was always accompanied by strong adhesion forces, but did not occur on yeast cells (Figure 4 .4) . 57 Combining with fluorescence studies AFM has been used simultaneously with optical-fluorescence imaging in cell biology . These techniques are usually combined by successive applications and led to the implementation of new modalities in AFM to allow easy image superposition . AFM indentation can be performed while recording a fluorescence signal . AFM combined with fluorescence microscopy has helped to determine the forces that the immune synapse exert between immune cells, such as photostimulated T-cells, gaining insight on their mechanical properties, when activating a small GTPase, Rac, in real time . 14 Approaches combining AFM with fluorescence microscopy were also used to characterize peptide-planar-lipid bilayer interactions 39 and to study hepatocytes infected by the malaria parasite . 58 Scanning probe lithography AFM lithography is a method in which it is possible to draw a pattern on a solid surface, by scratching, oxidation, or reduction, using the AFM tip . In this method, selected molecules are adsorbed by capillarity onto the Downloaded by [Filomena Carvalho] at 15:01 21 September 2017 AFM tip, which is successively used in contact mode to transfer predetermined molecular patterns to the surface, with a resolution of 30-100 nm . 3 This technique has been optimized on atomically flat and contaminantfree surfaces (e . g . , gold and silicon) . It can now count on a dramatically improved patterning efficiency and flexibility in depositing different ink molecules . 3 In contact mode lithography on Si surfaces, an area is oxidized to SiO 2 when a positive voltage is applied to the tip, and an oxidized pattern can be drawn . 17 This approach was applied to microarrays composed by DNA-directed protein immobilization, with a precise pattern, used to investigate the recruitment of transmembrane receptors in living cells . 3 Different AFM nanolithography modes, such as dip-pen nanolithography, electrochemical AFM nanolithography, thermal AFM nanolithography, nanografting, nanoshaving, and tapping-mode AFM nanolithography of alkanethiols can be done . 17 On a related matter, the AFM tip has also been successfully used to reconstitute nanometer-scale defined areas of supported phospholipid bilayers . 17, 59 However, its translation to medically relevant materials and applications may still be far, mainly because of the nonatomic planarity of most biomaterials and the practical need to Step -s ) and approaches to a substrate (1-2, a, b). In contact (2, gray line in b), cell adhesion molecules diffuse into the contact zone. The adhesive force between the cell and substrate increases. After a predefined contact time, the cell is retracted (black line in b) and the cantilever bends due to the adhesive force between cell and substrate (3). Once the force of the cantilever exceeds that of the interactions between cell and substrate, the cell starts to detach (3) (4) . The force at this point corresponds to the maximum detachment force (F D ). On further retraction of the cantilever, the contact area between the cell and substrate shrinks (4). The cell sequentially detaches from the substrate (5) and this force is generally followed by step-like events that correspond to the unbinding single-cell adhesion molecules from the substrate (step and tether events). The cell and substrate are completely separated again (1).
(Adapted from Friedrichs, J. et al., Methods, 60, 169-178, 2013.) pattern areas whose dimensions lay beyond the range of this technique . Nevertheless, the capacity of creating specific molecular patterns will undoubtedly benefit more fundamental studies in biomaterials surface science, focused, for example, on furthering the investigation of cellular response to specific chemical cues (e . g . , chemotaxis) and/or on the validation of functional molecular nanostructures . 3 
Limitations
With the advance of this technique, AFM has been an ideal tool to study biological interactions, but every technique has its limitations .
Despite the development of high-speed atomic force microscopes, the time resolution of AFM applications is a limitation in several biological questions, as numerous biological interactions occur faster than the time required by the AFM to probe, in approximately 0 .001-1 s . 60 The shape of the AFM tip can also have a drastic effect on the images that are acquired . In a real imaging situation, sample compression and deformation also need to be taken into consideration . The part of the tip that interacts with the sample is often a critical source of artifacts in AFM . Double tips may also occur on worn tips that have been damaged during scanning . When an interaction force is measured by the cantilever, the probe always also exerts some force on the sample . This can cause problems of distortion or damage to the sample, which may be deformed under this force, particularly since many biological samples are soft and delicate, and require particularly careful AFM imaging . 16 Another limitation of the AFM application is a maximum scan speed in imaging rate . On increasing the imaging rate for capturing multiple frames per second, a major error associated to tip-sample interaction forces can be caused . Major limitations for fast scanning concern the mechanical properties of the cantilever . Fast and accurate regulation of the cantilever deflection is required to maintain a constant interaction between the tip and the sample . Additionally, this cantilever deflection regulation is needed to prevent force-induced conformational changes or damages of the sample . In liquid, to achieve a fast imaging for monitoring the dynamics of biomacromolecules, high-resonance frequencies in stiff cantilevers are necessary . 28 When the substrates are soft, the determination of the tip area contacting the substrate and spring-constant calculation are difficult . 13 Furthermore, the AFM tip can be easily contaminated by the adsorption of molecules coming from the sample surface . 60 A problem with oscillation mode in liquid is the low quality factor of a cantilever . It is still debated whether the image quality is significantly improved compared to conventional feedback by tuning other scan parameters, or by scanning with small amplitudes and stiff cantilevers . The low quality factor in liquid also gives rise to unclean excitation Downloaded by [Filomena Carvalho] at 15:01 21 September 2017 spectra when exciting the cantilever via its chip or the complete cantilever holder . As a result of the liquid coupling, system resonances of the AFM are superimposed to the cantilever spectrum . 28 In cell adhesion studies, the limitations are in conducting n approach and retraction cycles between cells, which need to be repeated a sufficient number of times to obtain reproducible results, due to the complexity of living cells . 6 Cells may also be in different states and thus show distinct adhesive properties that may be difficult to compare . 53 Future AFM can be an important tool for nanotechnology and nanomedicine in biological systems . The microscope can be used alone or combined with other techniques (for example, optical microscopies) that provide complementary information, creating an even more powerful tool . The combination of nanophysics with cell biology establishes a mechanical assay that relates and is used for qualitatively and quantitatively characterizing specific interactions of surfaces from living cells, which can open an enormous variety of applications .
The evolution of AFM applications has been very important to the advance of science . This potential is based on the versatility of AFM force detection and mapping methods, as well as its toolbox, which allows functionalizing the AFM tip to tackle biological and biomedical questions that are difficult or impossible to address by other methods . AFM can be used to image living cells in aqueous solutions with nanometer resolution, so that the dynamic changes of cellular ultramicrostructures on single cells in response to a given molecule introduced on the volume of liquid surrounding the sample can be monitored by AFM . It can simultaneously obtain multiple physicochemical parameters, such as morphology, elasticity, adhesion, deformation, and energy dissipation of biological systems in a relatively short time (approximately several minutes) .
AFM imaging will continue to be the simplest AFM methodology to use, as it is quite more straightforward to the user, while enabling a structural and morphological evaluation of the sample . Requiring additional training and a thorough optimization for each new type of sample, AFMbased force spectroscopy has become an important tool on the study of biological systems . Single-molecule interaction studies have allowed, through the combination of nanophysics with cells, the establishment of a mechanical assay that relates qualitatively cooperative molecular processes during contact formation, or even quantitatively the expression of genes, to the function of its product in cell adhesion . 53, 54, 61 This type of force spectroscopy performed on live cells is directly applicable to a variety of different cell-adhesion systems . 9, 61 An extensive field of application for this cell-based molecular assay is expectable, for instance, when investigating mutated cell-adhesion proteins or the coupling of Downloaded by [Filomena Carvalho] at 15:01 21 September 2017 cell-adhesion molecules to the cytoskeleton and also when evaluating adhesion-blocking drugs . 31, 61 Still regarding cell adhesion, the additional molecular insight offered by single-cell techniques, together with the continuing development and improvement of quantitative single-cell methods, is providing stimulating original insight into the dynamic regulation of cell-cell adhesion during the formation of multicellular organisms . 62 Since the dysregulation of adhesion receptors and their signaling function also can lead to an extensive variety of pathological defects, these tools can also improve our understanding of how changes in cell adhesion can contribute to different diseases, namely oncologic processes . 9, 32 Furthermore, the extended effective pulling range of the instrument leads to the ability to detect the (un)binding forces associated to interactions going from short-range, unspecific interactions, up to specific tether-associated interactions . Most importantly, this method can be operated with an experimental microenvironment as close to truly physiologic conditions in organisms as possible . Most of the studies can be conducted at controlled conditions of temperature, pH, ionic strength, and other physiological parameters .
In future studies, it is important to understand how cells are stimulated, how these cells interact between them, and how their properties can change under various conditions . AFM is expected to be used for these purposes in more and more routine studies, namely due to its special adequacy to understand the biochemical and biophysical mechanisms underlying different biological processes .
